During the past 10 years NMR spectroscopy has been established as a non-invasive tool for physiological and biochemical investigations on living material [1, 2] . Depending on the phenomenon to be studied, one of the following NMR-sensitive nuclei can be used: phosphorous (31P), sodium (23Na), the proton ('H), and carbon ('3C).
During the past 10 years NMR spectroscopy has been established as a non-invasive tool for physiological and biochemical investigations on living material [1, 2] . Depending on the phenomenon to be studied, one of the following NMR-sensitive nuclei can be used: phosphorous (31P), sodium (23Na), the proton ('H), and carbon ('3C).
Renal cell metabolism [3] has thus far been characterized primarily by measuring substrate concentrations, concentrations of high energy phosphates, or enzyme activities in vitro. These parameters describe a certain metabolic state of a cell at a given time, but fail to reveal fluxes through metabolic pathways as they occur in the living cell. Flux studies are, however, possible when labelled substrates are used. Such studies using '4C-labelled compounds have revealed some overall features of metabolism; a quantitation of the relative velocities of the various pathways has not been possible because of the difficulties to isolate the labelled intermediates and to determine the site of labelling within the molecules. Such difficulties can be surmounted by using '3C-labelled substrates where each C atom, when labelled during its utilization in the cell, exhibits a unique resonance, thus making the mapping of intracellular pathways of a certain carbon possible. This review focuses on the application of '3C NMR spectroscopy for the elucidation of renal metabolic pathways. After providing a short description of the general properties of '3C NMR spectroscopy, studies on the proximal tubule [4] [5] [6] [7] [8] [9] are used to examplify the advantage of the '3C spectroscopy compared to the more commonly used '4C method. These advantages are considered sufficient to compensate for the high cost of '3C-labelled compounds and the instrumentation required for the measurement.
In more general terms, '3C NMR spectroscopy can be considered as a valuable addition to NMR experiments where other nuclei have been used. One of the most frequent nucleus used in non-invasive measurements is 3P which allows the measurement of the concentration of energy-rich phosphates and the ATP turnover in renal tubule suspensions, intact kidneys or isolated cells. Another parameter for non-invasive investigations of renal transport linked to metabolism is 23Na, where changes in intra-and extracellular sodium can be recorded. The application of the latter two methods has been described recently [10] [11] [12] [13] [14] [15] [16] .
© 1991 by the International Society of Nephrology General properties of '3C NMR spectroscopy Although the most sensitive nucleus for NMR studies of organic compounds is the proton ('H), there are several advantages of '3C NMR which will be summarized below [17, 18] . The major reasons are:
First, in contrast to 'H NMR spectroscopy, in '3C spectroscopy each carbon atom appears as single resonance line. This is demonstrated in the '3C and 'H NMR spectrum of glutamate ( Fig. 1) . In this context, it should be noted that the '3C NMR spectra discussed in this article are so-called heteronuclear proton-decoupled '3C NMR spectra. The scalar coupling between both spin 1/2 nuclei, 'H and '3C for all positions is removed by a special pulse sequence or broadband decoupling. Second, the low natural abundance of '3C has the advantage that the probability of the presence of two '3C nuclei in one molecule is about 1%, with the consequence that proton decoupled '3C NMR spectra are consisting of simple lines.
Third, as can be seen in Figure 1 , the '3C spectra range over 200 ppm while 'H spectra range over 10 ppm.
Fourth, in contrast to 'H spectroscopy, line intensities in 13C
NMR spectra are not proportional to the concentration of labelled compounds. Line intensities in '3C NMR are, however, strongly affected by the longitudinal relaxation time (T,), which indicates the build up rate of the Z magnetization after an RF-pulse radio frequency and the Nuclear Overhauser Effect (NOE), the latter indicating the increase in '3C intensities by proton decoupling.
In the '3C NMR spectrum of glutamate ( Fig. 1 ) the carboxyl C-atoms show the lowest intensity because these carbon atoms have the longest T, (1.5 to 2 seconds) values and a near zero NOE effect, whereas the other carbon atoms have a non-zero NOE effect and a T, of about 160 msec (CH) up to 350 msec (Cl2). The various T, relaxation times for '3C in a molecule can be used for a rough discrimination of CH, CH2, CH3, and C 10 carbon atoms.
Not only the T, and NOE are important features of '3C spectra, but also the chemical shift (6 in ppm). Each carbon atom has, due to its chemical surrounding and the conformation of the molecule, a defined chemical shift, that is, compared to a standard reference a defined position in the '3C NMR spectrum.
This chemical shift is independent of the instrument and the laboratory where the experiment is performed. But chemical shifts are dependent on the temperature, the solvent and the pH. For defined recording conditions, chemical shifts can be tabulated and used for an unambiguous assignment. '3C NMR spectra cannot only be used to demonstrate the presence of a particular metabolic pathway but also to determine the relative fluxes of carbon through various metabolic pathways. For a detailed investigation of the fate of the '3C label of a distinctly labelled substrate, we prefer to investigate the 13C NMR spectra of perchloric acid extracts. The main reason is the better signal-to-noise ratio and the higher resolution of spectral lines. To get a better insight into the wealth of information, which can be obtained from a '3C NMR spectrum, we should discuss a C NMR spectrum in detail. In Figure 2 a '3C NMR spectrum of a perchioric acid extract obtained from rat renal proximal convoluted tubule (PCT) cells, incubated with (3-'3C)-pyruvate, is presented. Figure 2 correspond to carbon atoms of distinct metabolites in which the original '3C carbon atom of (3-'3C)-pyruvate is incorporated. As noted above each resonance line can be assigned on the basis of its chemical shift [ppm] , relative to a reference. In most of the following 3C spectra, the methylcarbon of lactate is used as internal reference, bCH3 20.95 ppm. Almost all resonance lines appear as a sharp singlet, with the exception of the glutamate carbon atoms, that is, glutamate C4 and C3 appear as a sharp singlet and a doublet, whereas C2 of glutamate appears as a singlet and overlapping doublet and triplets.
All resonances in
To explain the appearance of doublets and triplets we should consider the network of the Krebs cycle as represented in glutamate. This glutamate species labelled on two adjacent carbon positions (that is, C3 and C4) gives rise to a doublet overlapping with the above-mentioned C4-singlet for the carbon resonance of glutamate C4 as well as a doublet for the resonance of glutamate C3. This doublet splitting can be explained by a homonuclear scalar carbon-carbon coupling (J34).
The doublet for C3 in glutamate consists of two overlapping doublets, due to J34 and J23, which have very similar values. The occurrence of glutamate-C2,3 species can be explained by scrambling of the label, originating from (3-'3C)-pyruvate, through the Krebs cycle, which results for glutamate C2 in additional doublets, and a triplet corresponding to (2,3-'3C2)-, Figure 2 [191, Another process, contributing to glutamate labelling on C2-and/or C3-as well as C2,4-(2 singlets) and C3,4-glutamate (2 doublets) species is the carbon flux from (3-'3C)-pyruvate into the Krebs cycle via pyruvate carboxylase [19,201. Thus, analysis of glutamate species can give detailed information on the approximate number of turns of the Krebs cycle 
where (*) means the relative enrichment.
We proposed 19] that the ratio PCBIPDH also can be determined from the following equation:
G1uC5 using the data obtained from incubations with (2-'3C)-pyruvate.
In experiments with rabbit renal PCT cells we found for the PCB/PDH ratio, determined in a similar manner as has been done by Cohen (eq. 1), a ratio of 1:63, whereas an estimation according to equation 2 resulted in a ratio of 1:43. The higher PCB/PDR ratio in the former experiments can be explained by the fact that the original model proposed by Cohen for experiments with (3-'3C)-substrates does not consider that the carbon flux into the Krebs cycle via pyruvate dehydrogenase also gives rise to C3-and C2-labelled glutamate [20] .
To take into account these fluxes and label exchanges due to the malate dehydrogenase and fumarase reactions, we recently proposed a model [13] , which combines NMR data of experiments with (2J3C)-labelled substrates with data obtained from experiments with (3-'3C)-labelled substrates. PCT cells derived from '3C NMR data. Abbreviations are: PEP, phosphoenol pyruvate; P, pyruvate; C, citrate; K, a-ketoglutarate; S, succinate; M, malate; 0, oxaloacetate; X, fraction of a-ketoglutarate which scrambles through the Krebs cycle; Y, fraction of oxaloacetate which is involved in the citrate synthase reaction; PDH, pyruvate dehydrogenase; PCB, pyruvate carboxylase; pK, pyruvate kinase; Ala, alanine; Lac, lactate; Gic, glucose; Asp, aspartate; Z, fraction of PEP, which re-enters the Krebs cycle via pyruvate and subsequent PCB and PDH activity. {21j and the percentage of unlabelled acetyl-CoA which is involved in the citrate synthase reaction [20] . Further relevant information on carbon fluxes can be obtained from the relative Abbreviations are: 4PCB is the flux through pyruvate carboxylase, 4PDH is the flux through pyruvate dehydrogenase; 4PK is the flux through pyruvate kinase and cbFDP means the flux through fructose- 1 ,6-biphosphatase. This model is based on the network given in Figure 3 , using the expressions of equations 1 and 2 as well as the carbon efflux from the Krebs cycle at the stage of a-ketoglutarate (l-x) and the efflux at the stage of oxaloacetate (1 -y). For the ratio of PCB/PDH it can be derived [13] Gluconeogenic substrates '3C NMR spectroscopy using '3C-labelled gluconeogenic substrates like pyruvate and alanine has been used to investigate factors affecting the rate of enzymes controlling gluconeogenesis.
As has been discussed above, '3C data derived from perchlonc acid extracts of PCT cells incubated with (2-13C)-alanine as well as with (3-'3C)-alanine permit a determination of the proportion of '3C label entering the Krebs cycle by the competing PDH and PCB routes. In addition, the relative flux through the pyruvate kinase and fructose-l ,6-biphosphatase pathways can be estimated [22] .
The carbon fluxes relevant for renal gluconeogenesis (PCB, PDH, FDPase) have been determined in PCT cells of control rats and in PCT cells of streptozotocin-treated rats. The results of these experiments are compiled in Table 1 . These data suggest a higher rate of gluconeogenesis associated with streptozotocin-induced diabetes, as evident from the decrease in the ratio of the flux through pyruvate kinase versus the flux through fructose-l,6-biphosphatase and possibly the increase in the PCBIPDH ratio. Since aloxane-induced diabetes causes a decrease in PDH activity, as determined in kidney homogenates by a factor of 10 [23] , the higher PCB/PDH ratio might, at first sight, be attributed to this reduction. In our experiments PDH activity can be determined from the intensities of the carbon atoms of glutamate, in particular the C4 atom. During incubations with (3-'3C)-alanine the C4 glutamate atom reflects the proportion of '3C label entering the Krebs cycle via PDH. For control animals C2:C3:C4 of 1:1.10:1.39 was observed, whereas in the case of streptozotocin-induced diabetes a ratio 1:0.99: 0.73 was found. These data indicate a decrease of the glutamate C4 intensity and thus flux through the PDH by a factor of 2. It can be calculated from the small increase in PCB/PDH ratio and the decrease in the flux through PDH during streptozotocininduced diabetes that the flux through PCB decreases by a factor 1.6. Thus in the intact cell, fluxes through both PCB and PDH are reduced, suggesting that a substrate below the phosphoenol pyruvate level is used in gluconeogenesis.
Glycerol metabolism
To determine metabolic pathways of glycerol in PCT cells, the perchioric acid extracts of rabbit renal PCT cells incubated with (2-13C)-glycerol and (l,3-'3C)-glycerol were investigated [12] . The '3C label was found mainly in glucose, lactate, glutamine, and glutamate. These results indicate that, as ex- (3) pected, glycerol carbon atoms participate in gluconeogenesis, glycolysis, and in the Krebs cycle (Fig. 3 ). An interesting feature of the '3C NMR spectrum of the cells incubated with (2-'3C)-glycerol is the labelling pattern of glucose. If the '3C label arising from (2-'3C)-glycerol is incorporated in glucose only by the gluconeogenic pathway in a-/3-glucose only resonances of C2 and C5 of would be expected. However, the 13C data show that during (2-3C)-glycerol utilization also Cl, C3, C4, and C6 are labelled. A similar label exchange has been observed by Cohen et al [24] in isolated hepatocytes. The additional labelling of glucose was explained by a label exchange between two different pentose pathways. The data obtained from rabbit PCT cells do not allow such an interpretation. Therefore, a scheme was proposed that not only explains label exchange at the glucose level but also at the level of lactate and glutamate/glutamine (Fig. 4) .
The schematic representation of Figure 4 indicates that there are two sources of label-exchanged glucose, the pentose pool and a label-exchanged triose phosphate pool directly derived therefrom. When starting from (2-'3C)-glycerol, the 1, 3, 5, and 1, 5 isotopomers of a,f3-glucose are formed directly from the fructose phosphate isotopomers, obtained from the pentose shunt. These 1, 3, 5, and 1, 5 fructose phosphate species can return into the triose phosphate pool which thereby undergoes single or double label migration into the terminal carbon atoms. This pool subsequently gives rise to 1, 3, 4, 6; 1, 3, 6; 1, 6 and 1, 4, 6 labelled-glucose.
Glutamate metabolism Glutamate is metabolized in renal tissue in different ways: a) oxidative deamination catalyzed by glutamate dehydrogenase, b) transamination via glutamate oxaloacetate transaminase, c) oxidative decarboxylation by glutamate decarboxylase, and conversion of glutamate into glutamine catalyzed by glutamine synthase.
The extent to which the carbon of glutamate is distributed among glucose, aspartate, GABA (7-amino butyric acid), and Krebs cycle intermediates in acidosis is not well investigated.
Recent experiments [4] with (3-'3C)-glutamate showed that in control tissue the transamination, reductive amination, and glutaifline synthase pathways predominate. In metabolic acidosis the main route of glutamate utilization was oxidative deamination. The data of this study with (3-'3C)-glutamate showed also that acidosis increased the labelling of glucose. In acidotic tissue about 30% of the (3-'3C)-glutamate label scrambled in glucose, while in control tissue only 10% of the (3-'3C)-glutamate was recovered in glucose. Qualitatively similar results have been obtained by Watford et al [25] , who used 5 mM
The observed higher metabolism of the glutamate carbon through the Krebs cycle in acidosis is probably due to a stimulated mitochondrial glutaminase I and glutamate dehydrogenase activity [26] .
From the data of the NMR study using (3-'3C)-glutamate it has been concluded that decreased pH may increase ammoniagenesis and gluconeogenesis {4J.
Krebs cycle intermediates
To determine the metabolism of Krebs cycle intermediates directly, the use of '3C-labelled intermediates of the Krebs cycle like citrate and succinate is desirable because these dicarboxylic acids are taken up by renal PCT cells by a sodium-dependent transport system [271.
In contrast to other commonly used labelled substrates such as glucose, alanine pyruvate, or lactate, the label is not diluted before reaching the Krebs cycle.
The synthesis of highly '3C enriched citric acid has been recently described by Winkel, Buitenhuis and Lugtenburg [28] . This Experiments with pyruvate or alanine showed about equal labelling in a,f3-glucose C2,5 and aj3-glucose C1,6 and alanine C2/alanine C3. Experiments with (3-'3C)-citrate resulted in a ratio of 2.29 0.05 for the labelling in a,13-glucose C2,5/a,f3-glucose Cl,6 and a ratio of 2.23 0.02 for the labelling of alanine C2/alanine C3. This discrepancy to the theoretically expected ratio of 1 can only be explained by the operation of a citrate lyase in these cells. Citrate lyase transforms (3-'3C)-citrate in (2l 3C)-oxaloacetate, which when removed from the Krebs cycle by the phosphoenol pyruvate carboxykinase reaction gives rise to an additional labelling of C2 in the phosphoenol pyruvate pooi. This labelling leads to a higher incorporation of '3C into the C2 position of a,f3-glucose and alanine. Apart from the isolation of citrate lyase from rabbit kidney tissue 30 years ago [29] , this is the first experimental evidence for citrate lyase activity in intact rabbit renal PCT cells.
The incubation of suspensions of rabbit renal PCT cells with (U)3C)-succinate does not only allow an estimation of the carbon effluxes from the Krebs cycle but also enables us to unravel the various processes giving rise to label scrambling.
In the '3C NMR spectrum of the perchloric acid extract, derived from PCT cells incubated with 5 mM (U-'3C)-succinate [30] , all resonances of aj3-glucose, glutamate, glutamine, lactate, and alanine appear as multiples.
To show the wealth of information hidden in these multiplets, the glutamate and glutamine region of the 13C NMR spectrum derived from an experiment with (U-13C)-succinate is displayed in Figure 5 .
Inspection of the complicated multiplet structure for glutamate C4 shows that this resonance multiplet consists of a doublet of doublets, a simple doublet, and a singlet resonance line. What kind of biochemical information can be obtained from these NMR spectroscopic details? First, the schematic network represented in Figure 6 shows the pathways leading to glutamate and glutamine species labelled on C3, C4 and CS.
In the above-mentioned glutamate species the labelled C4 carbon atom is neighbor to a labelled C3 glutamate as well as to a labelled CS glutamate carbon atom. Each of these '3C- succinate has been used to investigate the increase in gluconeogenesis in rat renal PCT cells during NH4C1-induced acidosis [10] .
The results of these experiments are summarized in Table 2 . NH4C1-induced acidosis affects the flux through glutamate dehydrogenase, as well as the flux through phosphoenol pyruvate carboxykinase and fructose-i ,6-biphosphatase. The increase in the flux through phosphoenol pyruvate carboxykinase during NH4C1-induced acidosis by 58% determined by 13C NMR is in the same range as the increase by 67% in phosphoenol pyruvate carboxykinase activity obtained by enzymatic assays [231. In the '3C NMR studies, in addition, an increase of flux through FDPase was detected, suggesting a synergistic regulation of both enzymes. 
Conclusions
The use of '3C NMR spectroscopy for the study of renal metabolism has some disadvantages, which are due to the very 
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kl,4 -Glul,4 above-mentioned oxaloacetate species are metabolized from (U-'3C)-succinate during three subsequent turns of the label of (U)3C)-succinate in the Krebs cycle (Fig. 3) .
low natural abundance of the '3C nucleus (1.1%). This low natural abundance results in the requirement of '3C-labelled substrates, a high amount of cell material (most of the above experiments are performed with about 2 g wet wt of PCT cells), and very long accumulation times are necessary. However, the use of '3C NMR spectroscopy and '3C-labelled substrates for the examination of renal metabolism has some unique advantages. The 13C NMR spectra map the fate of the label of a distinct substrate in a single experiment, which not only permits a tracing out of the pathways but also enables the determination of the rate of carbon flux through a distinct pathway: from the relative '3C enrichment of the '3C resonances.
Since the real experiments (the incubations) are performed with suspensions of living cells, the NMR data of the perchloric acid extracts directly reflect the metabolism in the living cell. This is in contrast to classical procedures where the enzymes are isolated or their activities are determined in homogenates. 13C NMR has a similar advantage over the '4C tracer experiments, because these 14C experiments require isolation and identification of the 14C-enriched intermediates, such as the demanding and time consuming isolation and complete degradation of glutamate, as described Abbreviations are: OGDH is the carbon flux through glutamate dehydrogenase, OPEPCK carbon flux through phosphoenol pyruvate carboxykinase, OFDPase flux through fructose-I ,6-biphosphatase.
